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Abstract 
The measured and projected growth of space debris makes it clear that technology for the removal of spacecraft 
at the end-of-life is an absolute necessity if we are to prevent the Kessler syndrome of catastrophic collisional 
cascading. Electro-dynamic tethers (EDTs) have been proposed as an effective means of de-orbiting spacecraft – 
particularly from low Earth orbit (LEO). Such systems rely on the Lorentz force developed by a long conductive 
tether cutting through the Earth’s magnetic field due to the host spacecraft’s orbital motion. The electro-motive force 
generated drives a current through the tether, which is returned through the local space plasma by some form of 
active or passive plasma-contacting electrode. This removes (or adds) energy from the spacecraft’s motion, causing it 
to lose (or gain) altitude. As such, EDTs have the advantage of been self-powered, and propellant-less. However, to 
be effective, the tethers typically have to be several km long, and be very thin to save mass. They are therefore 
flexible and derive their stability through the gravity gradient effect. This leads to such systems being most effective 
in low-Earth equatorial orbits, and unfortunately, much less effective in near polar orbits (e.g. Sun-synchronous 
orbit) or for orbits beyond LEO. To this end, we have developed a novel concept for an uncontrolled removal system 
based on electro dynamical principles. Instead of a long flexible tether (which have proven problematic to deploy), 
we propose the use of long (150m-300m) rigid electro-dynamic booms in a “bar” or “cross” formation, actively 
powered, and coated with an electron emissive material. The main advantage of such a structure is that, for satellites 
in polar orbits, it leads to a larger Lorentz force. Also, the deployment is more reliable and the attitude control is 
greatly simplified (compared to the use of a flexible tether). To complete the circuit, electrons will be passively 
collected by a conductive deployable “sail”, which will also act as a drag sail at low altitudes. A ground demonstrator 
is under development based around a 6U CubeSat structure, which could form the basis for a later in-orbit 
demonstrator. This work is conducted as a part of the European Commission funded Horizon-2020 TeSeR 
(Technology for Self-Removal) project, which aims to demonstrate the feasibility of a scalable post mission removal 
system which should be able to be connected to different satellites via a standard interface. 
Keywords: Satellite de-orbiting, drag sail, electrodynamic tether, hybrid technique, deployable booms, solar sail. 
 
Nomenclature 
Constants 
Notation Value Meaning 
μ             Earth gravitational constant 
(Nm2/kg) 
Variables 
Notation Meaning 
R Radius of the orbit 
Iy Moment of inertia of S/C  + tether in respect 
to the axis perpendicular to the tether 
Iz Moment of inertia of S/C  + tether in respect 
to the axis parallel to the tether 
φ Work function 
 
 
Acronyms/Abbreviations 
Spacecraft (S/C), Post Mission Disposal (PMD), 
Electrodynamic Tether (EDT), Removal Subsystem 
(RS), Rigid Boom Electro-Dynamic Drag Sail 
Deorbiting System (RBEDDS), Printed Circuit Board 
(PCB), Electromotive force (EMF), Attitude 
Determination and Control Systems (ADCS), Hollow 
Cathode (HC), Teflon (PTFE), Electro-dynamic (ED) 
 
1. Introduction 
In the past the process of post mission disposal of 
satellites has been usually neglected most probably 
because of their relatively small number. However, in 
the last few decades the density of objects placed in 
orbit has greatly increased to the point that old unused 
satellites could affect future missions (by posing a risk 
of collision). For example, in 2009, two artificial 
satellites: Kosmos-2251 and Iridium-33, collided 
producing a large quantity of debris [1]. In the future, 
the problem can only get worse because according to 
certain studies the probability of collisions increases 
exponentially with the number of objects [2]. If new 
satellites are launched, old ones should be de-orbited as 
fast as possible (NASA recommends that the process 
take less than 25 years [3]) in order to avoid a 
catastrophic explosion in the amount of orbital debris. 
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Many different solutions have been proposed for this 
problem during the last few years, which have led to 
different designs of de-orbiting systems (e.g. drag sails, 
solar sails, electrodynamic tethers, etc. [4]–[6]) but the 
subject is still open, because many technologies haven’t 
been truly validated in space and/or have not been yet 
sufficiently well studied.  
The present paper is the result of the work done as 
part of the TeSeR (Technology for Self Removal) 
project, which is funded by European Commission 
Horizon-2020 program (Grant Agreement 687295). The 
general aim of the project is to design standardised 
commercial-off-the-shelf de-orbiting/disposal systems 
adapted to different spacecraft and orbits. The de-
orbiting/disposal systems are expected to be 
autonomous (with their own source of energy and 
means of communication with the ground segment) and 
thus functional even if the host spacecraft is not.  
The de-orbiting/disposal systems are themselves 
modular in nature being composed of a common Post 
Mission Disposal (PMD) interface, which would be 
directly attached to the spacecraft to be de-orbited and 
also connected to one of the three different Removal 
Subsystems (RS) being developed in the project. Future 
satellite designers would, therefore, be able to integrate 
such a system by simply providing the mechanical and 
electrical interface to the standard PMD interface unit, 
without having to design the de-orbiting/disposal 
systems themselves, which should greatly simplify their 
task. 
 
Fig.  1. General structure of a de-orbiting system 
attached to a S/C 
The main task of Surrey Space Centre (SSC) in this 
project is to design and test a removal subsystem that 
will employ an electrodynamic technique for force 
generation and uncontrolled removal of the host S/C 
from orbit. 
The present paper is structured as follows: First we 
describe the electrodynamic technique which was 
chosen and justify its advantages compared to other 
techniques. 
Next we describe the design of the de-orbiting 
prototype which is being built.  
Finally the paper is ended with some general 
conclusions. 
 
2. Introducing the RBEDDS de-orbiting system 
In order to choose a specific de-orbiting technique 
one should be able first to classify them and estimate 
their performance. A simple classification can be made 
depending on the origin of the generated force. Thus 
one could discriminate between the de-orbiting 
techniques which are based on propulsion from those 
which generate force through interaction with the S/C 
environment (Fig.  2). We shall refer to the latter ones in 
what follows as “passive techniques”.  
One could also distinguish between techniques 
which require energy or not, attitude control or 
expellant. There could be also mixed techniques (for 
example the spacecraft could generate a plasma around 
itself and interact with it). 
 
Fig.  2. Different existing de-orbiting techniques 
For their disposal, satellites could be de-orbited (by 
making them re-enter into the atmosphere) as well as re-
orbited (by changing their altitude to an orbit where the 
density of objects is small). If the de-orbiting process is 
not precisely controlled then it is important to ensure 
that any massive part of the spacecraft does not survive 
the re-entry, thereby posing a risk on the ground. There 
are studies which indicate that satellites which weigh 
less than 1 tonne do usually burn up completely in the 
atmosphere. Usually the forces which are generated 
through interaction with the medium cannot be precisely 
controlled and therefore the de-orbiting process using 
them should be applied only to small satellites (<1 
tonne). 
The main advantage of passive de-orbiting systems 
is that some of them could be completely autonomous 
and not use any additional expellant. However this is 
not always the case because some techniques could still 
require some expellant material. One could provide as 
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an example, the electro-dynamic tether. Most common 
designs include a hollow cathode, used for electron 
emission, which requires the use of an inert gas for 
producing plasma, and also solar panels for powering it. 
Usually these techniques produce relatively small 
forces, and the process becomes efficient only if it can 
take place over long periods of time. Even if a system 
doesn’t require any expellant, in practice, its design still 
depends on the expected lifetime. Indeed, the deployed 
structures should withstand the attack of atomic oxygen 
and meteoroids, and all the structures in a spacecraft 
expected to orbit for a long time should be made more 
robust and therefore are usually more massive. 
   Another disadvantage of passive de-orbiting 
techniques is that their performance is heavily 
dependent on different variable parameters like position 
in the orbit and solar activity, and this makes the design 
of such a system more complicated. For example, the 
drag force generated by a drag sail is directly 
proportional to the density of particles in the 
atmosphere, which in turn could vary by an order of 
magnitude during one solar cycle. Finally, even if such 
techniques can lead to more compact systems, they 
usually use some deployment mechanism, which of 
course requires some space.  
Propulsion on the other hand is convenient because 
of the reliability of the systems (the technology is more 
mature). A controlled re-entry is also greatly simplified 
by using a propulsion based system, because the forces 
can be predicted with great accuracy. 
Usually, such systems also don’t require any special 
mechanical deployable structures (tethers, sails etc.) 
which could be viewed as an advantage. The drawback 
of propulsion systems is, of course, the extra mass and 
space occupied by the propellant. This is why, despite 
so many downsides, passive de-orbiting devices are still 
of interest. 
In the category of passive de-orbiting devices (Fig.  
2), one could list the drag-augmentation devices (air-
drag, electrostatic interaction with electrically charged 
particles, Alfven waves generation), the techniques 
which involve interaction with the geomagnetic field 
(Electrodynamic tethers, Lorentz spacecraft concept) 
and solar radiation pressure mechanisms (solar sails, 
reflective balloons).  
Drag augmentation devices are particularly efficient 
at low altitudes (up to a few 100km). However, as the 
altitude of the S/C increases, the density of the air 
decreases exponentially, which therefore has to be 
compensated by using larger sails. Their main 
advantage is that they can function without any control 
or energy. 
Devices which use solar pressure have the advantage 
that the forces are predictable and less dependent on 
altitude and solar activity. They are however dependent 
on the properties of the materials which are used as 
reflectors, which could lose their efficiency with time. 
Also the force, even if more or less constant, is quite 
small when compared to other techniques at low 
altitudes. 
The best known systems which use the interaction 
with the geomagnetic field, are the electro-dynamic 
tethers  (EDT), which are nothing else but long (up to a 
few km) metallic wires or tapes, which are subject to a 
Lorentz force due to the geomagnetic field and the 
current which they sustain. The current could be 
induced by the EMF or an additional voltage bias.  
Unfortunately a tether, by itself, isn’t capable of 
generating large currents (only if it is really long) due to 
the fact that the cathodic side of the tether has to collect 
ions, which are much slower than electrons, and 
therefore limit the current. In order to solve this 
problem, usually a hollow cathode (HC) is used for 
electron emission, which requires not only an inert gas 
but also energy. Also the deployment of a long flexible 
tether is quite complex. The successful, in-orbit 
demonstrations, relied on a large mass (like a sub-
satellite) attached to its end and the rotational 
acceleration. This technique is not, however, well 
adapted for all satellites (the de-orbiting system should 
be as small as possible).  
Once deployed, the tether should be robust enough 
to withstand the erosion process due to the impacts with 
meteoroids, the probability of an impact being 
proportional to the length of the tether.  
As the tether is very flexible, the generated force 
would easily bend it, if there wasn’t the gravity gradient 
torque and the rotation acceleration, which tend to keep 
it under tension. They cannot, however, eliminate the 
oscillatory movements. Actually, as the tether is long, 
its moment of inertia matrix is dominated by the 
moments calculated in respect to the direction normal to 
the tether. The angular frequency of oscillations in this 
case is almost a constant independent of S/C 
characteristics, being given (for small inclinations) by: 
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This is very close to the angular velocity of the 
spacecraft in orbit which is given by: 
        
 
  
     (2) 
As the average density of the plasma in orbit is a 
pseudo-periodic function, having the same frequency 
(Fig.  3), it is clear why one can approach resonance, 
which translates, in the absence of damping, to large 
angular amplitudes. These oscillations cannot be 
controlled from the S/C because it cannot transfer 
torques through the flexible tether. Indeed the only 
possible action would be to change the tension in the 
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tether and some techniques have been proposed for 
doing that, in order to damp down the oscillations, but 
they are not simple to implement in practice.  
A flexible tether, also, can only be used in a vertical 
orientation (if the S/C is not spinning). For highly 
inclined orbits, it would be, however, convenient to use 
a horizontal tether, because of the orientation of the 
magnetic field. 
For all these reasons it would be interesting to 
replace the flexible tethers with stiff ones. This could be 
done with curved cross section thin deployable booms, 
similar to those used for the deployment of sails. These 
booms can be easily coiled on a spindle, because they 
can flatten elastically, and once deployed they can 
become again curved. 
 
Fig.  3. Electron density variation during three orbital 
periods (IRI-2016, 2001, 1
st
 March, altitude = 1000km, 
85° inclination, T = 1 period, starting at 12h00UT, 0°N, 
0°W)  
Of course for the same length, such a tether has to be 
thicker and therefore weigh more. But there are many 
possible advantages linked to such structures. First, the 
deployment could be simplified, secondly such tethers 
are more robust against impacts from debris.  Also the 
performance of the EDT can be improved by 
eliminating the previously listed problems. 
Such a system could use the same techniques for 
electron collection/emission as a conventional “flexible” 
EDT. For electron emission, usually, the EDT systems 
are using a HC. The electron collection can be achieved 
passively (bare EDT concept) or again by using a HC.  
As a HC requires an expellant, they are better 
adapted to long tethers, which generate large forces, and 
which lead to a rapid de-orbiting process. For the rigid 
boom tether approach, due to mass limitations, the 
length of the booms has to be reduced. This implies that 
the generated forces are expected to be smaller, and the 
de-orbiting time therefore longer. Using a HC in such a 
case, would require significant quantities of expellant. 
One should, therefore, look for alternative electron 
emission techniques, which don’t require an expellant 
gas.  
Emitting electrons from a solid body is possible 
using, for example, thermionic emission. In order to 
extract electrons from a material, a certain quantity of 
energy is required. The energy required by a single 
electron to leave the body is called its work function 
(φ), and this is specific to each material (usually being 
close to a few eV).  
Thermionic emission, in particular, is achieved by 
transferring energy to the electrons through heat, by 
heating the material to very high temperatures, usually 
thousands of degrees Celsius. Very high current 
densities can be achieved in practice (up to a few 
A/cm
2
), the only drawback being the energy which is 
lost through radiation. The efficiency, however, 
improves at high temperatures (the thermionic current 
density varies exponentially with the temperature 
according to Richardson-Schottky law, whereas the 
radiated heat is proportional to the temperature elevated 
to the power four).  
Unfortunately, materials which have low work 
functions (for example, Caesium, φ = 1.8eV) and are 
therefore more efficient emitters, are also more easily 
oxidized (being very electropositive) by oxygen and 
water, and/or, easily evaporate.  
Coating metallic electrodes with a material 
presenting a low work function can lead to a surface 
with a low equivalent work function, even lower than 
the work function of the substrate and the coating. 
A good example is thoriated tungsten, which can 
have an equivalent work function of 2.6eV, whereas, 
that of tungsten and thorium are equal to 4.5eV and 
3.4eV respectively. Such cathodes are able to function 
for long periods of time, only if there is a mechanism 
which replenishes the low work function material on the 
surface from which it evaporates. Especially interesting 
are the so-called dispenser cathodes, which are 
composed of a reservoir containing, usually, a mixture 
of BaO, CaO and Al2O3 (Fig.  4). These allow metallic 
Ba to diffuse to the surface through a porous tungsten 
matrix.  
 
 
 
Fig.  4. Internal structure of a dispenser cathode [7] 
Porous 
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The advantage of using dispenser cathodes, is that 
they can present significant lifetimes (up to tens of 
thousands of hours) and are quite efficient compared to 
other cathodes (they only require a few W/A). One 
could therefore use these devices to replace the gas 
consuming HC emitters, which are currently used in the 
EDT systems. 
The de-orbiting system which we propose: the Rigid 
Boom Electro-Dynamic Drag Sail (RBEDDS) uses 
exactly the techniques previously described. 
 We combine an EDT approach with deployable 
curved cross section booms to replace the flexible 
tether. The electron emission should be achieved 
through dispenser cathodes attached to the extremities 
of the booms. One could use two or four such booms, 
which leads to two possible designs: “cross” and “bar” 
configurations. In this paper only the second 
configuration is considered.  
In addition to the stiff boom EDT, the proposed 
system also includes a drag sail (which could also be 
used as an electrode) and deployable solar panels.  
The removal system (RS) is therefore essentially a 
hybrid of a drag-sail and a rigid boom electro-dynamic 
tether (EDT), where the drag-sail may also be an 
electrode, and if so, would form the anodic contact to 
the ambient space plasma (see Fig. 5) – i.e. it would 
collect electrons from the plasma. The “tether” (actually 
a rigid boom) would be the cathodic contact in this case 
(i.e. the electron emitter), and would use the latest 
developments in thermionic dispenser cathode emitters, 
as previously described.  
Alternatively, the rigid booms may be used as 
electron emitters or electron collectors, depending on 
how they are connected to an internal power supply. 
Their function is therefore switchable in orbit. 
 
Fig. 5. Hybrid RS concept combining drag sails with 
electrodynamic tethers 
 
The anode and cathode are connected via a ±300V 
power supply in the RS. This provides the potential 
difference needed to boost the emission and collection 
of electrons – beyond that naturally present due to the 
magnetic field induced boom voltage. It can also pinch 
off electron emission if required. The anode may be 
electrically connected to the PMD interface module (the 
“platform”) and host S/C so that the whole ensemble 
acts as an electron collector when the EDT is in 
operation. 
At large altitudes, the EDT system should generate 
most of the forces, whereas at low ones, the sail will 
provide most of the drag (Fig. 6). The sails can also be 
used as reflectors (i.e. solar sails) at still higher 
altitudes.  
The other RS modules considered in the TeSeR 
study are a deployable drag structure and a solid rocket 
propulsion system. Thus, the de-orbiting system which 
we propose, can be considered as one of the first which 
includes different modules, using different technologies, 
which can be tailored to different needs (sizes of S/C, 
orbit altitudes, controlled, semi-controlled or 
uncontrolled de-orbiting, etc.). 
Not all the aspects of the RBEDDS RS have to be 
used, depending on the initial orbit of the S/C and 
whether it has to be de-orbited or re-orbited. For 
example for a satellite placed in a high orbit and re-
orbited one could only use a solar sail without using an 
EDT mechanism. Thus, our RS is itself effectively 
modular and flexible. 
Ideally such a system should rotate in orbit in a 
complex manner in order to maximize the Lorentz 
force. Our system (at the moment) works only in two 
regimes: vertical and horizontal. Simulations have 
suggested that one should use a vertical or an horizontal 
tether, depending on the inclination of the orbit. Thus, 
for orbits with inclinations higher than approximately 
42-45°, one should use a horizontal boom and, for lower 
inclinations, a vertical one.  
 
 
Fig.  6. Comparison of the average drag force (for a sail 
of 8m
2
) with the ED force obtained with a 30m long 
EDT system (2 booms 15m each) (equatorial orbits) 
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3. Design of the ground-based proof-of-concept 
 
The working principle of the hybrid approach will 
be demonstrated through a simplified ground based 
prototype. 
The prototype will be integrated into a 6U 
GOMSpace CubeSat structure. The size and the place of 
different subsystems are indicated in Fig. 14.  
 There are two deployment mechanisms in the 
system: One which is used for deploying the drag sails 
and the solar arrays, and another one, used for the 
deployment of the EDT booms.  
There are, in total, six stainless steel booms: four, 
2m long ones, used for the sails, and two, 15m long 
ones, used for the EDT system. In this way, the ground 
based demonstrator represents approximately a 1/10
th
 
scale model of a practical orbital system (we envisage 
EDT booms of 150m – perhaps longer). 
Both deployment mechanisms use stepper motors 
(with incorporated gearheads), which, in order to save 
space, are placed inside the spindles on which the 
booms are coiled. The motors can be used for 
deployment as well as for retraction. The deployment 
mechanisms are similar, but at the same time different.  
In order to prevent the booms from “blossoming” 
(expanding radially in an uncontrolled manner), the drag 
sail deploying mechanism uses four flexible arms (Fig.  
7). These arms are made from thin metallic film 
(stainless steel, 200m thick in the prototype), and 
which can be easily adapted to different designs. Being 
very easy to fabricate they greatly simplify the design 
and reduce the cost. 
 
 
 
Fig.  7. Internal structure of the drag sail/deploying 
mechanism 
In the case of the EDT boom deployment 
mechanism, it has been found out that the blossoming 
effect would be difficult to prevent only by using 
pushing arms, because of the length of the booms (30m 
in total). Another technique had to be used. One idea, 
which we believe is original, and which we have tested, 
works as follows: First the booms are coiled manually 
as tight as possible and fixed in this state by using tape, 
for example. Then a soft polymer adhesive (such as 
silicone) is applied on both the upper and lower surface 
of the thus formed coil and it is left to cure. Once cured, 
the polymer sticks to the booms and keeps them coiled.  
For deploying the boom, the coil is rotated by the 
motor and each layer “peels off” due to the rollers 
which constrain the rotation of the already deployed 
parts of booms. By using this technique, two booms 
15m each were successfully deployed, without the need 
for any spring arm at all, and we are confident that the 
same technique could be applied to booms of much 
greater length. One could use polymers having different 
stiffness, adapted for different booms. Also the “peeling 
force” can be easily varied by increasing the contact 
surface between the booms and the polymer. The 
advantage of this technique is that it is very simple and 
leads to a compact system. The main drawback is of 
course the fact that the booms can’t be deployed a 
second time.  The EDT boom deployment mechanism is 
also a little different, because it needs to be adapted to 
the high voltage which is applied between the two 
booms. For this, the spindle has been made entirely 
from acetal, as well as the two annular parts which are 
attached to it (Fig. 8).   
 
1- Stepper motor 
2- Coupling collar 
3- Lower plate 
4- Plate-Bearings connector 
5- Spring wave washer 
6- Ring spacer 
7- Bearings 
8- Axial strut 
9- Acetal coil 
10- Coil-Bearings connector 
11- Metallic reinforcements for the plastic annular parts 
12- Plastic annular parts 
13- Connecting sleeve 
Fig.  8. Structure of the EDT boom deploying 
mechanism 
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The EDT rigid boom system is too short for 
extracting all the energy it needs directly from the 
magnetic field and therefore solar panels are required 
for harvesting this energy. For the prototype, we have 
designed two Z-folded bespoke deployable solar arrays 
which make use of sail boom deployment mechanism. 
This is sized to generate an average of 20W.  
Each solar array is composed of 25 FR4 printed 
circuit boards (80 m thick, double face) with solar 
cells attached on both sides (the dimensions of each 
PCB are indicated in Fig.  9). In order to cut the cost, 
(and to simulate the performance we would expect from 
the thin-film CdTe solar cells we would use on orbit), 
silicone monocrystalline solar cells are used in the 
prototype (100 cells in total, each 5cm  5cm).  
The PCBs are mechanically connected to each other 
with miniature hinges (glued to the PCB’s by using 
epoxy). Unfortunately the only commercial ones found 
were made from brass, which could pose a problem in 
space due to the evaporation of the zinc, which is a 
constitutive element. For a future space mission, one 
should think how to manufacture such hinges from other 
materials. An alternative solution would be to paint or 
plate the commercial brass ones.  
Electrically, the solar cells are connected in series 
through flexible connectors made from kapton film and 
copper foil. The electrical connections, and the copper 
traces on the PCBs, are made symmetric so there is no 
net torque generated by the currents (of the order of 1A) 
flowing through the array and interacting with the 
geomagnetic field. In space, the open circuit voltage 
provided by each solar array is expected to be around 
15V, and the short circuit current around 1A.  
 
Fig.  9.  Artwork of the PCB holding the solar cells 
(dimensions in mm) 
When the solar arrays are stowed, it is important to 
avoid the direct contact between two adjacent solar cells. 
For this, on each PCB special separators are included 
(Fig. 10).  
 
Fig.  10. Photograph of the two Z-folded solar arrays to 
be integrated into the prototype 
 
The current design of the solar arrays doesn’t 
guarantee a deployment in one single direction. It is 
possible however, to easily modify their design so they 
are constrained to move so, which should avoid any 
problems during the deployment. For this one could use 
a similar design of the solar arrays as that used for 
example in the satellite Skylab launched in 1973 (Fig.  
11). 
 
Fig.  11. a) Mechanical connection of the PCB’s in the 
actual solar arrays (the array can rotate when 
deploying); b) Possible solution:  add slender rigid 
elements which couple the rotational movement of each 
PCB to their linear movement; c) Solar arrays used in 
the Skylab satellite (1973)[8]. 
By adding rigid slender elements, the rotating 
movement of each PCB can be coupled with their linear 
motion during deployment. The solar arrays can be thus 
constrained to deploy in a straight manner.  
a) 
b) 
c) 
Spacer 
Flexible electric 
connector 
Miniature hinge 
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In the current prototype the solar arrays are deployed 
by the same mechanism which deploys the drag sails, 
being dragged out of the satellite by booms. One of the 
main disadvantages of such an approach is that the 
booms could shadow the solar cells and that the sails 
have to be deployed before the EDT system is used. By 
using the topology with additional slender hinges one 
could deploy the solar panels independently by using 
only a spring. This topology will be therefore 
considered in a future revised design. In any case, the 
solar cells, as for other moving parts, should be 
maintained under compressive stress when folded, in 
order to prevent them from being destroyed during 
launch (due to vibrations). On the prototype, this is done 
by two side panels (Fig.  12), which are connected to the 
main structure through spring hinges, and which can be 
released open through a burn-wire lock mechanism.   
The contact between the side panels and the solar 
arrays is realised through a flexible joint made from 
silicone. The side panels also contain the stowed drag 
sails which are packed in polyimide pockets. 
 
 
Fig.  12. Structure of the prototype side panels 
 
The drag sails used in the prototype are made from 
thin metalized Mylar and will have a surface of 
approximately 8m
2
 when deployed. For increased 
resilience, the sails are attached to the booms via PTFE 
strings (which are less sensitive to atomic oxygen attack 
than other polymers) and springs, which should keep the 
sails under tension despite the expected thermal-induced 
deformations.  
As has been already mentioned, all the booms in the 
prototype are made from stainless steel. The booms 
used in the drag sail have a circular cross-section; the 
EDT booms, on the other hand, are made from two 
circular cross-section booms, connected with a thin 
polymer film (PTFE coated polyimide), so that their 
curvatures are opposite to each other (Fig.  13).  
Using an insulating material is necessary because 
electrical power has to be transferred to the dispenser 
cathodes, which are connected at each extremity of the 
EDT booms. The connection of the two booms with the 
curvatures in opposite directions increases the boom 
stiffness. Also compared to other possible structures, 
this leads to an improved electron collection (the 
collected current is approximately proportional to the 
boom perimeter), and also to a more compact coil.  
 
 
Fig.  13. Dimensions of the cross-section of the booms 
 
The RBEDDS RS also comprises a few electrical 
circuits: a high voltage module, a circuit for controlling 
the heat transferred to the emitters, a Li-ion battery 
board (GOMSpace P31u) and the PCB which contains 
the microcontroller which is used for system control and 
for communication with the common PMD interface.  
The high voltage module uses, in the present design, 
a two stage converter: a buck-boost converter supplied 
by the battery, the output voltage of which can be 
controlled by the microcontroller and a high voltage 
amplifier (EMCO FS03-12), which can provide up to 
300V (Fig. 15).  
Due to the presence of the high voltage (HV), care 
was taken in order to isolate the HV output from the rest 
of the circuits by using opto-couplers and isolated dc-dc 
converters.  
Each boom and the sail (which could be used as an 
additional anode), can be connected/disconnected to the 
HV output, or to electrical ground, by using 6 
MOSFETs controlled by the microcontroller. 
Due to the fact that the EDT booms are biased with a 
high voltage, the circuits which are powering the 
electron emitters have also to be isolated. For this we 
have opted to use an isolated dc-dc converter.  
The control of the transferred power is done by a 
simple transistor, turned on and off by the 
microcontroller. In order to prolong the life of the 
EDT boom 
Insulating polymer  
Metallic tape 
EDT boom Drag sail boom 
Spring 
hinge 
Aluminium 
panel 
Moulded 
elastomer 
Kapton pocket 
containing the 
drag sails 
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cathodes, they should be turned off when the ambient 
plasma density is too low.  
The high voltage could also be controlled in a 
simpler way. Already, for inclined orbits, the system 
needs to know whether the S/C is above or below the 
magnetic equator, in order to invert the voltage. A very 
simple way of controlling the magnitude of the DC high 
voltage would be to work at constant power, limiting the 
current and the voltage (for example, in our case 300V 
and let’s say 100mA). This is, however, only one 
possible technique and, looking further, more advanced 
control strategies should be considered.  
The prototype is currently under construction and 
tests inside SSC’s space vacuum chamber with an 
artificial plasma source are expected to begin in 
October/November 2017. The prototype will be 
delivered to the TeSeR Project Team in December 
2017, for integration with the PMD interface and further 
environmental testing. 
 
4. Conclusions 
 
The aim of this paper was to introduce a new de-
orbiting technique – the Rigid Boom Electro-Dynamic 
Drag-Sail (RBEDDS) – a hybrid which makes use of 
the properties of a drag sail at low altitudes, but 
enhances this with the electro-dynamic (ED) drag at 
higher altitudes. 
Whilst the ED drag performance is not as good as 
for conventional EDTs – the use of much smaller, rigid 
booms allows the system to be compact, easier to 
deploy and also to able to operate independently of 
gravity gradient forces – thus, offering less complex 
dynamics and easier electrical control. 
The 4-boom cross-shaped layout also offers 
enhanced ED drag for high inclination orbits. 
A ground-based prototype, based on a 6U CubeSat 
structure, is under construction at the Surrey Space 
Centre (SSC) for testing as part of the “TeSeR” 
(Technology for Self Removal) project, which is funded 
by European Commission Horizon-2020 program 
(Grant Agreement 687295), and is led by Airbus D&S. 
More details on how the technique works (orbit 
dynamics) and more general results concerning different 
constitutive parts: like the performance of the deploying 
mechanisms and plasma contactors will be provided in 
future publications. 
For this project, several objectives have been 
defined: to investigate the use of rigid booms as 
electrodynamic tethers, the use thermionic emission for 
the cathodic side of the tether, to demonstrate a flexible, 
modular hybrid technique, and to find new techniques 
for deploying long booms etc.  
We believe that these objectives have been partially 
reached, and we expect many more results to come after 
the prototype is submitted to for testing.   
The next step would be to demonstrate the capability 
of such a system when attached to a real satellite, in 
orbit. Part of the reason for choosing a standard off-the-
shelf 6U CubeSat structure for the prototype, was to aid 
the rapid transition from this ground demonstrator to a 
flight demonstrator, should the opportunity arise.  
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Fig.  14. Structure of the 6U prototype incorporating the RBEDDSS system 
 
 
Fig.  15: Structure of the HV module 
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